Nonhuman primates offer unique opportunities to study the effects of genes, environments, and their interaction, on physiology and complex behavior. We examined genotype and early environment contributions to CNS function in a large sample of rhesus monkeys. In humans, length variation of the serotonin (5-HT) transporter (5-HTT) gene-linked polymorphic region (5-HTTLPR) that results in allelic variation in 5-HTT expression is associated with decreased serotonergic function and 5-HT-mediated psychopathology. We report that an analogous variation of the gene's regulatory region in monkeys interacts with early experience to affect central 5-HT functioning. Monkeys with deleterious early rearing experiences were differentiated by genotype in cerebrospinal fluid concentrations of the 5-HT metabolite, 5-hydroxyindoleacetic acid, while monkeys reared normally were not. These findings demonstrate an environment-dependent effect of the rh5-HTTLPR genotype on CNS 5-HT function and suggest nonhuman primates may provide an important avenue for investigating gene/environment interactions using candidate genes for physiological and behavioral traits.
In humans, length variation of the serotonin transporter (5-HTT) gene-linked polymorphic region (5-HTTLPR) that results in allelic variation in serotonin transporter expression has been reported to be associated with anxiety, depression, aggression-related personality traits, and affective disorders, although not all studies have replicated these findings. An association between 5-HTT promoter variation and anxiety-related personality traits first reported by Lesch 1 has subsequently been replicated by some, but not all investigations (reviewed in Veenstra-VanderWeele et al 2 ) . Thus, the original finding of higher neuroticism and harm avoidance in adult individuals with the short variant of the 5HTTLPR has been replicated and extended to younger individuals 3 and to other anxietyrelated dimensions of personality, [4] [5] [6] but has also failed replication. [7] [8] [9] [10] [11] [12] [13] Similarly, studies examining possible association between allelic variation in the promoter region of the serotonin transporter gene and risk for unipolar and bipolar depression have produced inconsistent findings (reviewed in Furlong et al 14 ) . Among the potential sources for differences among these findings is the possibility that environmental variables may play an important role in the functional expression of the genotype.
The close genetic, physiological, and behavioral similarity between human and nonhuman primates, along with the carefully controlled experiential histories of unique nonhuman primate laboratory populations, provides the basis for comparative analysis of the genetic and environmental factors underlying both normative and pathological outcomes in biobehavioral development. Of particular clinical interest is the possibility of studying nonhuman primate subjects to uncover specific genetic variation associated with physiological and behavioral differences exhibited within similar environments. Manipulation of early social rearing conditions provides robust examples of environmental contributions to biobehavioral development. For example, in rhesus monkeys, the breadth and longevity of the deleterious effects resulting from early social deprivation have been well-documented. [15] [16] [17] By contrast, relatively little is known about the genetic basis for individual differences in resilience (or in vulnerability) in response to this early stressor.
Recently we reported a length variation of the 5-HTTLPR in rhesus monkeys (rh5-HTTLPR) that is analogous to that seen in humans. 18 In a previous study with a small sample 19 (n = 11), we found no significant contribution of the rh5-HTTLPR genotype to availability of brainstem 5-HTT measured by ␤-CIT binding. The primary purpose of the study reported here was to provide a direct test of the association between the rh5-HTTLPR and CNS serotonin (5-HT) functioning, as measured by cerebrospinal fluid concentrations (CSF) of the 5-HT metabolite, 5-hydroxyindoleacetic acid (5-HIAA), using a large sample of rhesus monkeys. The rhesus sample presented a unique opportunity to assess the potential interactive effects of genetic and environmental factors because it had been divided at birth into two groups that received dramatically different early social and rearing experiences. The monkeys were reared either with parents (parent-reared), or in a nursery with conspecific peers (peer-reared), but no adults.
We now report that in rhesus monkeys an analogous length variation of the gene's regulatory region interacts with early experience to affect central 5-HT functioning. Monkeys with deleterious early rearing experiences were differentiated by genotype in CSF 5-HIAA, while monkeys with normal rearing were not differentiated by genotype. These findings indicate an environment-dependent effect of the 5-HTTLPR genotype on CNS 5-HT function and suggest that nonhuman primates may provide an important avenue for investigating gene/environment interactions using candidate genes for physiological and behavioral traits.
In rhesus monkeys the rh5-HTTLPR is composed of 24 repeat elements and located approximately 1.4 kb upstream of the rhesus monkey 5-HTT gene transcription start site. The polymorphism consists of a 21-base pair length variation involving repeat element 7 ( Figure 1a) . PCR-based analysis of these monkeys' rh5-HTTLPR genotypes revealed allele frequencies of 
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83.3% for the long (l) and 16.4% for the short rh5-HTTLPR variant; one individual was heterozygous for a rare allele with an additional repeat unit (xl, 0.3%) similar to longer alleles found occasionally in humans. 18 The rh5-HTTLPR genotypes were distributed according to Hardy-Weinberg equilibrium, without significant differences in genotype distribution for the two rearing groups or for males and females. There were too few subjects homozygous with the short allele (n = 2) or heterozygous with the rare allele (n = 1) to provide adequate statistical comparison; thus, these subjects were dropped from subsequent analyses. 1 The frequency of the l/l and l/s genotypes was 48/24 for the peer-reared and 40/20 for parent-reared monkeys, respectively.
Since reduced transcriptional efficiency of the short variant of the human 5-HTT gene promoter results in decreased 5-HTT expression and 5-HT uptake in lymphoblasts* and decreased 5-HTT mRNA expression in brain, 20 an analogous effect on functional 5-HTT expression in rhesus monkey brain may be expected for the short form of the rh5-HTTLPR. Because cell models for macaque serotonergic neurons do not exist we studied 5-HTT promoter activity in human placental choriocarcinoma cells (JAR). JAR cells constitutively express functional 5-HTT and exhibit cAMP-and protein kinase C-dependent 5-HTT gene regulation. JAR cells were transfected with constructs in which a luciferase reporter gene was fused to the 5Ј-flanking 5-HTT gene promoter containing the short or long variant of the rh5-HTTLPR. Luciferase gene expression was studied relative to pGL 3 basic and pGL3 control vectors. Transfection efficiency was controlled for by cotransfection with pSV-␤Gal (Promega, Madison, WI, USA). Promoter activity of the long variant was almost twice that of the short form, while short and long variants of rhesus monkey and human 5-HTT promoter constructs showed a similar magnitude of difference in transcriptional activity (Figure 1b) .
We next evaluated the effect of the rh5-HTLPR genotype on CSF 5-HIAA concentrations. Prior to genotyping, cisternal CSF was obtained and assayed for 5-HIAA concentrations for 132 monkeys. Analysis of variance yielded a significant interaction between rearing environment and genotype on CSF 5-HIAA concentrations ( Figure 2) . Some of the animals were related, however, and their relatedness introduced the possibility that genotype and phenotype were spuriously correlated by the fact that both are transmitted from parents to offspring. A pedigree-based randomization procedure was used to avoid this sort of error for hypothesis tests. The results of the randomization procedure indicated that the finding was statistically significant (P = 0.001) when the effect of relatedness among individuals was explicitly examined by the * Although there were too few subjects with the s/s and xl/l genotypes for inclusion in the statistical analysis, their data are reported for reference purposes. The z-scores for CSF 5HIAA concentrations for these individuals were: s/s (n = 2) = −0.387, −0.466; xl/l (n = 1) = −0.387. Figure 2 Effect of rh5-HTTLPR genotype (l/l and l/s) and early rearing environment (parent-reared, n = 40 l/l; n = 20 l/s and peer-reared, n = 48 l/l; n = 24 l/s) on mean CSF 5-HIAA concentrations (picomoles per ml of 5-HIAA; ±SE) with raw values transformed to standard scores for each individual within its cohort and age at sample collection. ANOVA yielded a significant interaction between rearing environment and genotype on CSF 5-HIAA concentrations, F (1,128) = 6.67, P = 0.001. The main effect for rh5-HTTLPR, but not rearing environment, was statistically significant, F (1,128) = 36, P = 0.018. Heterozygous peer-reared subjects had lower CSF 5-HIAA concentrations than their homozygous long allele counterparts.
analysis. CSF 5-HIAA concentrations were significantly influenced by genotype in the peer-reared, but not parent-reared subjects (Figure 2 ). Peer-reared subjects heterozygous with both the short and long rh5-HTTLPR alleles had lower CSF 5-HIAA concentrations than their homozygous long allele counterparts.
Our findings of low CSF 5-HIAA and reduced transcriptional efficiency of the short allele in monkeys are analogous with in vitro studies in humans that show reduced binding and transcriptional efficiency of 5-HTT mRNA associated with the short allele. 21 These results, along with some of the findings from previous human studies, [22] [23] [24] demonstrate a relationship between the 5-HTTLPR and 5-HT functioning in both human and nonhuman primates (but also see Naylor et al 25 and Jonsson et al 26 ) . Although the 5-HTTLPR alleles are differentially active in vitro, relatively few studies have examined direct measures of CNS serotonin function in either humans or other animals. The genotype/environment interaction reported here, as well as the modest effect size, may provide further evidence of the difficulty in resolving inconsistent association findings in the human literature. It may also explain differing vulnerabilities between individual subjects with identical genotypes, or between subjects reared in the same environments. At least one study 27 in human children suggests this type of complex interaction with affective disorder associated with alterations in the relationship between the genotypic variation in the serotonin transporter promoter gene and platelet serotonin transporter functionality.
Previous work has shown that monkeys' early experiences have long-term consequences for the functioning of the 5-HT system, as is indicated by consistently altered CSF 5-HIAA levels in monkeys deprived of their parents at birth and raised only with peers 28, 29 but also see Higley et al 30 and Coplan et al. 31 Other work shows that less severe early deprivation, for example, alterations in maternal behavior induced by differential foraging demands, can also produce significant changes in the offspring's physiology. 31 The results of the present study show that the rh5-HTTLPR genotype is predictive of rhesus monkey's CSF 5-HIAA concentrations, but that the genotypic effect on serotonergic functioning is limited to subjects with early deleterious rearing experiences. Our results would be strengthened by replication in other populations of monkeys and in animals with less dramatic differences in early experience.
In humans allelic variation in functional 5-HTT expression has been inconsistently associated with anxiety, depression, and aggression-related traits. Rhesus monkeys exhibit 5-HT-related behavioral traits that parallel human personality dimensions and thus may provide a unique opportunity to better understand the proximal and ultimate mechanisms producing individual differences in 5-HT mediated psychopathology and behavior. Nonhuman primates are particularly well suited to investigate the genotypic and environmental interactions that affect CNS 5-HT functioning because their genetic backgrounds can be selected and their environments carefully controlled. They may also be useful in identifying environmental factors that either compound the vulnerability conferred by a particular genetic makeup or, conversely, act to improve the behavioral outcome associated with that genotype. In turn, the similarity of both the genomic variation in the 5-HTT and 5-HT-mediated behavioral deficits in humans and rhesus monkeys indicates the potential value of nonhuman primate models in determining whether the genotype may be used to better target therapeutic agents used in the treatment of 5-HTrelated disorders.
Methods
Research protocols were approved by the Animal Care and Use Committees of the National Institute on Alcohol Abuse and Alcoholism and the National Institute of Child Health and Human Development, Bethesda, MD in accordance with and as required by the Animal Welfare Act.
Early rearing
Monkeys' rearing fell into one of the following categories: (1) mother-reared; or (2) peer-reared, either with a peer group of 3-4 monkeys or with an inanimate surrogate and daily contact with a playgroup of peers. Rearing conditions have been described in detail elsewhere. 32 Peer-reared monkeys were separated from their mothers, placed in the nursery at birth, and given access to peers at 30 days of age either continuously or during daily play sessions. Mother-reared and crossfostered monkeys remained with the mother, typically within a social group. At roughly 7 months of age mother-reared monkeys were weaned and placed together with their peer-reared cohort in large, mixedsex social groups.
CSF measurement
The monkeys' serotonergic functioning was assessed by assay of cisternal CSF samples (2-3 ml) collected from individual monkeys as either juveniles or adults. Subjects ranged in age at the time of CSF collection from 2 years of age to adult. In rhesus monkeys CSF 5-HIAA concentrations are heritable 33 and exhibit traitlike, intraindividual stability beginning early in life and continuing over the lifespan. 29, 34 Interindividual age effects were statistically controlled by computing the standardized score of each subject's raw CSF 5-HIAA concentration values (pmol ml
) within both cohort and the year of age sampled. CSF samples were obtained with a 5-ml syringe and a 22-gauge needle while subjects were under ketamine anesthesia (15 mg kg −1 , i.m.). CSF samples were assayed for concentrations of the 5-HT metabolite 5-hydroxyindoleacetic acid (5-HIAA) with gas chromatography-mass spectrometry (GCMS) using deuterated internal standards or with high performance liquid chromatography. 35, 36 Genotyping and luciferase assay Blood for DNA isolation and analysis was obtained from each animal following anesthetization with ketamine (15 mg kg −1 , i.m.). Oligonucleotide primers (stpr5, 5Ј-GGCGTTGCCGCTCTGAATGC; intl, 5Ј-CAGGGGAG ATCCTGGGAGGA) flanking polymorphic locus of rh5-HTTLPR (PL2) were used to generate 398-bp (short rh5-HTTLPR) and/or 419-bp (long rh5-HTTLPR) fragments, using the method previously reported. 1 The generation of 5-HTT promoter/luciferase gene constructs containing the short or long human 5-HTTLPR (h5-HTTLPR) has been previously described. 21 5-HTT gene promoter fragments containing the short or long variants of the rhesus monkey 5-HTTLPR (short and long rh5-HTTLPR) were amplified from 50 ng genomic DNA (95°C for 30 s, 66°C for 30 s, 72°C for 1 min, for 35 cycles) by using primers stprKPN5 (5Ј-TATGGTAC CGGCGTTGCCGCTCTGAATGC) and stprECO3 (5Ј-GAGGATTGCTTGAGCCCAGGAATT), cleaved with KpnI/EcoRI, and ligated into the KpnI/EcoRI site of the rhesus monkey 5-HTT promoter/luciferase expression vector pGL3 basic (Promega). Inserts and vector boundaries were verified by sequence analysis. The 5-HTT promoter/exon 1 region of the rhesus and human gene showed 96% sequence identity. 5-HTT promoter/ luciferase gene constructs containing the short or long variant of the rh5-HTTLPR and h5-HTTLPR, respectively, were transiently expressed in JAR human placental choriocarcinoma cells (ATCC HTB 144) grown in RPMI 1640 supplemented with 10% newborn calf serum at 37°C in a humidified atmosphere at 5% CO 2 . Luciferase gene expression was studied relative to pGL3 basic and pGL3 control vectors and transfection Molecular Psychiatry efficiency was assessed by co-transfection with the pSV-␤Gal (Promega) following standard procedures.
Pedigree randomization analysis
At the outset, analysis of variance was performed and the F-ratios for rh5-HTTLPR genotype and its interaction with rearing treatment were stored. Then an empirical distribution was built for the F-ratios using a simple gene dropping procedure. Initially, the colony pedigree was partitioned into two sets of individuals: founders and members. The founders were animals who had no ancestors in the colony and were assumed unrelated. The members were animals who had at least one parent born in the colony. rh5-HTTLPR allele frequencies were determined for the colony. The following three steps were then repeated ten thousand times for each analysis. First, while holding phenotypes constant, genotypes were simulated for each pedigree founder by drawing two alleles at random from the colony allele frequency distribution. Second, genotypes were simulated for each pedigree member by drawing one allele at random from the genotype of each of the individual's parents. Third, the analysis of variance was repeated for each simulated pedigree and the resulting F-ratios were tabulated. After the complete set of 10 000 pedigrees was simulated, the F-ratio above which the most extreme ␣100% of the simulated statistics lay was the empirical ␣100% significance level. With this procedure, [37] [38] [39] each random pedigree maintains the genotype and phenotype correlation structure that was inherent in the original sample, but there is no relationship between the genotype and phenotype, as stipulated by the null hypothesis.
